Ancient DNA (aDNA) sequencing has enabled unprecedented reconstruction of speciation, 55 migration, and admixture events for extinct taxa 1 . Outside the permafrost, however, irreversible 56 aDNA post-mortem degradation 2 has so far limited aDNA recovery within the ~0.5 million years (Ma) 57 time range 3 . Tandem mass spectrometry (MS)-based collagen type I (COL1) sequencing provides 58 direct access to older biomolecular information 4 , though with limited phylogenetic use. In the 59 absence of molecular evidence, the speciation of several Early and Middle Pleistocene extinct 60 species remain contentious. In this study, we address the phylogenetic relationships of the Eurasian 61 Pleistocene Rhinocerotidae 5-7 using ~1.77 million years (Ma) old dental enamel proteome sequences 62 of a Stephanorhinus specimen from the Dmanisi archaeological site in Georgia (South Caucasus) 8 . 63
MAIN TEXT
76 77 Phylogenetic placement of extinct species increasingly relies on aDNA sequencing. Relentless 78 efforts to improve the molecular tools underlying aDNA recovery have enabled the reconstruction 79 of ~0.4 Ma and ~0.7 Ma old DNA sequences from temperate deposits 9 and subpolar regions 10 80 respectively. However, no aDNA data have so far been generated from species that became 81 extinct beyond this time range. In contrast, ancient proteins represent a more durable source of 82 genetic information, reported to survive, in eggshell, up to 3.8 Ma 11 . Ancient protein sequences 83
can carry taxonomic and phylogenetic information useful to trace the evolutionary relationships 84 between extant and extinct species 12, 13 . However, so far, the recovery of ancient mammal proteins 85 from sites too old or too warm to be compatible with aDNA preservation is mostly limited to 86 collagen type I (COL1). Being highly conserved 14 , this protein is not an ideal marker. For example, 87 regardless of endogeneity 15 , collagen-based phylogenetic placement of Dinosauria in relation to 88 extant Aves appears to be unstable 16 . This suggests the exclusive use of COL1 in deep-time 89 phylogenetics is constraining. Here, we aimed at overcoming these limitations by testing whether 90 dental enamel, the hardest tissue in vertebrates 17 , can better preserve a richer set of ancient 91 protein residues. This material, very abundant in the fossil record, would provide unprecedented 92 access to biomolecular and phylogenetic data from Early Pleistocene animal remains. 93 Dated to ~1.77 Ma by a combination of Ar/Ar dating, paleomagnetism and biozonation 18, 19 , 94 the archaeological site of Dmanisi (Georgia, South Caucasus; Fig 1a) represents a context currently 95 considered outside the scope of aDNA recovery. This site has been excavated since 1983, resulting 96 in the discovery, along with stone tools and contemporaneous fauna, of almost one hundred 97 hominin fossils, including five skulls representing the georgicus paleodeme within Homo erectus 8 . 98
These are the earliest fossils of the first Homo species leaving Africa. 99
The geology of the Dmanisi deposits provides an ideal context for the preservation of 100 faunal materials. The primary deposits at Dmanisi are aeolian, providing for rapid, gentle burial in 101 fine-grained, calcareous sediments. We collected 23 bone, dentine, and dental enamel specimens 102 of large mammals (Tab. 1) from multiple excavation units within stratum B1 (Fig. 1b, Fig. 2 
, Tab. 1). 103
This is an ashfall deposit that contains thousands of faunal remains, as well as all hominin fossils, 104 in different geomorphic contexts including pipes, shallow gullies and carnivore dens. All of these 105 are firmly dated between 1.85-1.76 Ma 18 . High-resolution tandem MS was used to confidently 106 sequence ancient protein residues from the set of faunal remains, after digestion-free 107 demineralisation in acid (see Methods). Ancient DNA analysis was unsuccessfully attempted on a 108 subset of five bone and dentine specimens (see Methods). 109
While the recovery of proteins from bone and dentine specimens was sporadic and limited 110 to collagen fragments, the analysis of dental enamel consistently returned sequences from most 111 of its proteome, with occasional detection of multiple isoforms of the same protein 20 (Tab. 2, Fig.  112 3). The small proteome 21 of mature dental enamel consists of structural enamel proteins, i.e. 113 amelogenin (AMELX), enamelin (ENAM), amelotin (AMTN), and ameloblastin (AMBN), and enamel-114 specific proteases secreted during amelogenesis, i.e. matrix metalloproteinase-20 (MMP20) and 115 kallikrein 4 (KLK4). The presence of non-specific proteins, such as serum albumin (ALB), has also 116 been previously reported in mature dental enamel 21,22 (Tab. 2). 117
Multiple lines of evidence support the authenticity and the endogenous origin of the 118 sequences recovered. There is full correspondence between the source material and the 119 composition of the proteome recovered. Dental enamel proteins are extremely tissue-specific and 120 confined to the dental enamel mineral matrix 21 . The amino acid composition of the intra-121 crystalline protein fraction, measured by chiral amino acid racemisation analysis, indicates that the 122 dental enamel has behaved as a closed system, unaffected by amino acid and protein residues 123 exchange with the burial environment ( Fig. 4 ). The measured rate of asparagine and glutamine 124 deamidation, a spontaneous form of hydrolytic damage consistently observed in ancient 125
Lastly, we confidently detect phosphorylation ( Fig. 6 and Fig. 7 ), a tightly regulated 135 physiological post-translational modification (PTM) occurring in vivo. Recently observed in ancient 136 bone 24 , phosphorylation is known to be a stable PTM 25 present in dental enamel proteins 26,27 . 137 Altogether, these observations demonstrate, beyond reasonable doubt, that the heavily 138 diagenetically modified dental enamel proteome retrieved from the ~1.77 Ma old Dmanisi faunal 139 material is endogenous and almost complete. 140
Next, we used the palaeoproteomic sequence information to improve taxonomic 141 assignment and achieve sex attribution for some of the Dmanisi faunal remains. For example, the 142 bone specimen 16857, described morphologically as an "undetermined herbivore", could be 143 assigned to the Bovidae family based on COL1 sequences ( Fig. 8 ). In addition, confident 144 identification of peptides specific for the isoform Y of amelogenin, coded on the non-recombinant 145 portion of the Y chromosome, indicates that four tooth specimens, namely 16630, 16631, 16639, 146 and 16856, belonged to male individuals 22 (Fig. 9a-d) . 147
An enamel fragment, from the lower molar of a Stephanorhinus ex gr. etruscus-148 hundsheimensis (16635, Fig. 1c ), returned the highest proteomic sequence coverage, 149 encompassing a total of 875 amino acids, across 987 peptides (6 proteins). Following alignment of 150 the enamel protein sequences retrieved from 16635 against their homologues from all the extant 151 rhinoceros species, plus the extinct woolly rhinoceros ( †Coelodonta antiquitatis) and Merck's 152 rhinoceros ( †Stephanorhinus kirchbergensis), phylogenetic reconstructions place the Dmanisi 153 specimen closer to the extinct woolly and Merck's rhinoceroses than to the extant Sumatran 154 rhinoceros (Dicerorhinus sumatrensis), as an early divergent sister lineage ( Fig. 10 ). 155
Our phylogenetic reconstruction confidently recovers the expected differentiation of the 156
Rhinoceros genus from other genera considered, in agreement with previous cladistic 28 and 157 genetic analyses 29 . This topology defines two-horned rhinoceroses as monophyletic and the one-158 horned condition as plesiomorphic, as previously proposed 30 . We caution, however, that the 159 higher-level relationships we observe between the rhinoceros monophyletic clades might be 160 affected by demographic events, such as incomplete lineage sorting 31 After the sample preparation and data acquisition for all the Dmanisi specimens was 213 concluded, we applied the whole experimental procedure to a medieval ovicaprine (sheep/goat) 214 dental enamel specimen that was used as control. For this sample, we used extraction protocol 215 "C", and generated tandem MS data using a Q Exactive HF mass spectrometer (Thermo Fisher 216 Scientific). The data were searched against the goat proteome, downloaded from the NCBI 217 The external surface of bone and dentine samples was gently removed, and the remaining 239 material was subsequently powdered. Enamel fragments, occasionally mixed with small amounts 240 of dentine, were removed from teeth with a cutting disc and subsequently crushed into a rough 241 powder. Ancient protein residues were extracted from approximately 180-220 mg of mineralised 242 material, unless otherwise specified, using three different extraction protocols, hereafter referred 243 to as "A", "B" and "C": respectively. For searches of data generated from sample fractions partially or exclusively digested 298 with trypsin, another MaxQuant and PEAKS search was conducted using the "enzyme" parameter 299 set to "Trypsin/P". Carbamidomethylation (C) was set: (i) as a fixed modification, for searches of 300 data generated from sets of sample fractions exclusively digested with trypsin, or (ii) as a variable 301 modification, for searches of data generated from sets of sample fractions partially digested with 302 trypsin. For searches of data generated exclusively from undigested sample fractions, 303 carbamidomethylation (C) was not included as a modification, neither fixed nor variable. 304
The datasets re-analysed with MQ2 search, were also processed with the PEAKS software 305 using the entire workflow (PEAKS de novo to PEAKS SPIDER) in order to detect hitherto unreported 306 single amino acid polymorphisms (SAPs). Any amino acid substitution detected by the "SPIDER" 307 homology search algorithm was validated by repeating the MaxQuant search (MQ3). In MQ3, the 308 protein database used for MQ2 was modified to include the amino acid substitutions detected by 309 the "SPIDER" algorithm. For each specimen, multiple sequence alignments for each protein were built using mafft 56 and 367 concatenated onto a single alignment per specimen. These were inspected visually to correct 368 obvious alignment mistakes, and all the isoleucine residues were substituted with leucine ones to 369 account for indistinguishable isobaric amino acids at the positions where the ancient protein 370 carried one of such amino acids. Based on these alignments, we inferred the phylogenetic 371 relationship between the ancient samples and the species included in the reference dataset by 372 using three approaches: distance-based neighbour-joining, maximum likelihood and Bayesian 373 phylogenetic inference. 374
Neighbour-joining trees were built using the phangorn 57 R package, restricting to sites 375 covered in the ancient samples. Genetic distances were estimated using the JTT model, 376 considering pairwise deletions. We estimated bipartition support through a non-parametric 377 bootstrap procedure using 500 pseudoreplicates. We used PHyML 3.1 58 for maximum likelihood 378 inference based on the whole concatenated alignment. For likelihood computation, we used the 379 JTT substitution model with two additional parameters for modelling rate heterogeneity and the 380 proportion of invariant sites. Bipartition support was estimated using a non-parametric bootstrap 381 procedure with 500 replicates. Bayesian phylogenetic inference was carried out using MrBayes 382 3.2.6 59 on each concatenated alignment, partitioned per gene. While we chose the JTT 383 substitution model in the two approaches above, we allowed the Markov chain to sample 384 parameters for the substitution rates from a set of predetermined matrices, as well as the shape 385 parameter of a gamma distribution for modelling across-site rate variation and the proportion of 386 invariable sites. The MCMC algorithm was run with 4 chains for 5,000,000 cycles. Sampling was 387 conducted every 500 cycles and the first 25% were discarded as burn-in. Convergence was 388 assessed using Tracer v. 1.6.0, which estimated an ESS greater than 5,500 for each individual, 389
indicating reasonable convergence for all runs. The data were base-called using the Illumina software CASAVA 1.8.2 and sequences were 408 demultiplexed with a requirement of a full match of the six nucleotide indexes that were used. 409
Raw reads were processed using the PALEOMIX pipeline following published guidelines 62 , mapping 410 against the cow nuclear genome (Bos taurus 4.6.1, accession GCA_000003205.4), the cow 411 mitochondrial genome (Bos taurus), the red deer mitochondrial genome (Cervus elaphus, 412 accession AB245427.2), and the human nuclear genome (GRCh37/hg19), using BWA backtrack 63 413 v0.5.10 with the seed disabled. All other parameters were set as default. PCR 
